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Outline of talk
• Introduction
• EllipSys2D/3D flow solver
– Brief history
– Components of the solver
– Terrain specific issues
– Grid generation
• Applications 
– Wellington
– Bolund experiment
• Conclusions
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Research Activities
• Flow over terrain
• Rotors flow
• Transition modeling
• Deep stall aerodynamics
• Rotors tower interaction
• Wake aerodynamics
• Airfoil- and rotor design
• CFD code development
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EllipSys2D/3D flow solver
History of the EllipSys code
Risø/DTU code consists of two parts:
• The Basis3D was originally developed as a tool 
for solving PDE at DTU by J.A. Michelsen
• The flow solver part of the EllipSys was 
developed in connection with my Ph.D. for flow 
over terrain.
• Risø/DTU has made a common development 
during the last ~15 years
– Code optimization
– Parallelization
– Model implementation
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EllipSys2D/3D flow solver
Navier-Stokes Solver
The flow solver is based on the Navier-Stokes equations
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EllipSys2D/3D flow solver
The choices in the solver
• Incompressible Navier-Stokes
• Finite volume code (non-staggered)
• Cartesian or polar velocity components
• Patched multi-block grids (new overset option)
• Pressure/Velocity formulation 
• Steady/Unsteady algorithm
• Moving Mesh/Moving Frame
• Turbulence Modelling RANS/DES/LES
• Acceleration techniques: grid sequence/multigrid
• Parallellized using MPI for distributed computers
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EllipSys2D/3D flow solver
Temporal and Spatial Discretization
• A second order three point backward scheme is used along with 
subiterations.
• Diffusive terms
– Central differences (Second Order Accurate)
• Convective terms
– Upwind Differencing Scheme (UDS)
– Second Order Upwind Differencing Scheme (SUDS)
– Second Order Central Differencing Scheme (CDS)
– Quadratic Upwind Interpolation for Convective Kinematics (QUICK)
– Fourth Order Central Differencing (CDS4)
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EllipSys2D/3D flow solver
Turbulence modelling
• Direct Numerical Simulation (DNS)
• Filtered Equations
– Large Eddy Simulation (LES)
• Time Averaged Equations, Reynolds Averaged Navier-Stokes(RANS)
– Algebraic Models (e.g. Baldwin-Lomax)
– One Equations Models (e.g. Spalart-Allmaras, Baldwin-Barth)
– Two Equation Models (e.g. k-ω, k-ε)
– Reynolds Stress Models
• Hybrid Models
– Detached Eddy Simulation
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EllipSys2D/3D flow solver
Turbulence modelling
RANS (Reynolds-averaged)
• Time-averaged solution
• Mean wind 
• Mean turbulence level
LES/DES (Large-eddy or Detached Eddy sim.)
• Spatial-filtered solution
• Velocity time series
• “Complete” information of the turbulence
• Needs transient inflow information
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Special needs for terrain simulations
• Atmospheric inflow conditions
• Rough wall boundary conditions
• Capability of handling roughness maps and roughness changes
• Stratification/stability
• Top boundary condition (Prescribed according to inflow or symmetry)
• Detailed information about the actual terrain
! Verify that the solver is capable of keeping the equilibrium solution
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EllipSys2D/3D flow solver
Boundary conditions (Inlet and outlet)
Inflow boundary conditions:
Log-law profiles for the velocities and turbulent quantities.
Outflow boundary conditions:
Fully developed flow is assumed in the mesh direction normal to the 
outlet.
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EllipSys2D/3D flow solver
Boundary conditions (Wall)
Wall boundary conditions are given by the log-law
• The velocity boundary conditions are implemented through the friction at 
the wall.
• The implementation assures that flow separation can be handled by 
evaluating the friction velocity from the turbulent kinetic energy. 
• The computational grid is placed on top of the roughness elements, and 
the actual roughness heights are ignored in connection with the grid 
generation.
• The TKE boundary condition is an equilibrium between production and 
dissipation, implemented through a von Neumann condition and 
specifying the production term from the equilibrium between production 
and dissipation.
• The epsilon equation is abandoned at the wall, and instead the value of 
the dissipation is specified according to the equilibrium between 
production and dissipation.
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EllipSys2D/3D flow solver
Computational grids
Smallest detail 1x10-5 m.
Largest scale  ~500 m.
Typical number of cells 4-20 mio.
HypGrid2D, HypSurf HypGrid3D
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Grid Generation
Terrain representation
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Grid Generation
Allignement of grid with mean flow direction
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Grid Generation
Buffer Layers
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Grid Generation
Surface grid details
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Grid Generation
Volume grid 
• Good orthogonality at surface
• High smoothness of grid
• Fast (60.000 points/sec)
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CFD for Wind Farm Siting
• The general problem is load/resource estimation for wind turbines in 
complex terrain.
• The typical linearized model encounters problem when the terrain slope 
increases.
• The intention is to use modern CFD type codes to pinpoint locations with 
severe flow conditions that may influence the lifetime of turbines.
• At the present level no claim of predicting the correct wind resources is 
made, this claim will need further and more detailed data from complex 
terrain.
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Flow over a hill (~1994)
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LES computations for terrain (~2007)
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The Wellington site
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The Wellington site
The present work were initialized due to the observation of high turbulent 
events at measuring positions M2 at a specific wind direction. 
Question?   Can this be explained by terrain induced effects and does it 
occur in other regions of the terrain.
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The Wellington site
Grid Generation
• Six flow direction [135, 150, 165, 330, 345, 360]
• Domain size ~13km x 17km x 5km
• Number of points 800x400x80 ~25million cells
• Cell height at wall 0.1 meter
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The Wellington site
Grid independence
RANS simulations:
• Coarser grids are generated by removing every second point in all three 
direction
• Comparing results for the 25.6m, 3.2m and 0.4m grids
• Computing time for all four grid levels per case ~4.5 hours on 25 cpu’s
M1 M2
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• Flow direction at mast M2 shown as function of the direction at the 40 
meter mast (M1)
The Wellington site
Comparison to Measurements 
Flow Direction
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• Speed-up at mast M2 shown as function of the direction at the 40 meter 
mast (M1)
The Wellington site
Comparison to Measurements 
Speed-up
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• Turbulent kinetic energy at mast M2 shown as function of the direction at 
the 40 meter mast (M1)
The Wellington site
Comparison to Measurements 
TKE
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The Wellington site
Northern directions
The most severe conditions are observed 
at the M2 position for the 330 degree 
case and to some degree to 345 degree 
case. The M3 position is undisturbed.
345 360330
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The Wellington site
Northern directions
For the southern direction the M2 and M3 
positions don’t experience severe flow 
conditions.
165135
150
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The Wellington site
LES/DES simulations
Additional transient information was obtained by DES simulations.
330 deg. top view:         330 deg. side view           360 deg. side view
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The Wellington site
Conclusion
• The solution captures the general trends from the two Sonics placed at 
the measuring masts, with respect to velocity, wind direction and 
turbulence.
• It was illustrated how the occurrence of turbulent ’tongues’ was well 
correlated with severe flow conditions, and the difference in flow quality 
was illustrated by vertical profiles of velocity, wind direction and 
turbulent kinetic energy.
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The Bolund Experiment
The Bolund Experiment is part of an EFP project that Vestas Asia Pacific and 
Risø-DTU are running together. The project is a three year project 
concerning four major topics:
• Identification of characteristic flow conditions over complex terrain for 
reliable estimation of power production and wind turbine loads.
• Development of remote sensing techniques (Lidar) for measuring wind 
conditions in complex terrain, including determination of mean wind, wind 
gradients and turbulence intensity on potential wind turbine positions.
• Application and further validation of Computational Fluid Dynamics (CFD) 
methods.
• Establish a publicly available comprehensive database with wind 
measurements for validating advanced ABL-methods.
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The Bolund Experiment
The Bolund hill
Bolund size:
• 12m high.
• 130m long.
• 75m wide. 
Bolund characteristics: 
• Surrounded by water.
• Long upstream fetch (4-7km).
• Steep upstream escarpment.
• Uniformly covered by grass.
• Stability is foreseen to play a minor 
role
• Suitable from numerical p.o.v.
• Conveniently close to Risø-DTU.
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The Bolund Experiment
Design of Measurement Campaign using CFD
• Gridded file of the hill and surroundings. 
• Surface grid   (1.1 km x 0.7 km)
• Volume grid   (400 m high)
• Computational grid: ~ 4 million cells.
• Flow solver: EllipSys3D (RANS).
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The Bolund Experiment
RANS simulation: BCs
Inlet and top boundary
• Logarithmic velocity profile and const. TKE.
Assuming U(10m) = 10 m/s and Cμ=0.03, 
z0water =0.0001m 
Outlet
• Zero gradient (Neumann condition).
Wall
• is implemented using an assumption of the 
logarithmic velocity gradient in the vicinity of 
the wall.
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The Bolund Experiment
Mast locations
Reasons for mast locations:
1. Prevailing wind directions.
2. Two masts measures undisturbed 
wind from east and west.
3. Escarpment edge and hill wake are 
important complex features.
4. Two transects: More data and 
different escarpment geometry. 
0º
270º
240º
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The Bolund Experiment
Flow visualization
Observations from computations
• The flow stays attached …
• … except behind steep escarpment. 
• High levels of turbulence are found: 
– upstream of the escarpment.
– on the escarpment edge.
– in the hill wake. 
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The Bolund Experiment
Profiles of U and TKE, 270º
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The Bolund Experiment
Expected outcome
A unique high quality dataset for validating advanced flow models 
applied to complex terrain including:
• Inflow boundary layer profile (cups and sonics).
• Measurements at steep escarpment, both in front of and on top.
• 23 positions with sonics (wind speed, direction, turbulence).
• 12 positions with cup anemometers (horizontal wind speed).
• 2 positions with Lidars.
• Measurements at constant height (2 and 5 m) for two transects (240º and 
270º).
• Estimation of thermal stability.
Data will be publicly available by 
the end of the project.
A “blind test” comparison 
workshop will be arranged.
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Conclusion
• I have described the RISØ-DTU/MEK-DTU in-house flow solver EllipSys
• I have tried to highlight some of the specific demands that a CFD code 
must meet before it can be used to compute the ABL.
– ABL inflow conditions.
– Rough wall boundary conditions.
– Roughness changes.
– Stratification.
– Capable of keeping a logarithmic solution!
• I have shown two examples on how CFD can be used to evaluate sites
– Firstly how CFD can be used to explain and complement existing 
measurements.
– Secondly, how CFD can be used in the planning phase to chose the 
correct measuring positions.
